Anthropogenic activities and climate change have resulted in an increase in hypoxia in 29 nearshore ecosystems worldwide. The San Juan Bay Estuary System in Puerto Rico is 30 one such ecosystem that has undergone an increase in hypoxic events over the past 31 few years. We collected white grunts (Haemulon plumieri) from one of the estuary 32 lagoons to study the effects of hypoxia on fast startle responses (fast-starts). We 33 hypothesized that exposure to hypoxia would significantly decrease the frequency of 34 fast-starts evoked by an abrupt sound stimulus. After an exposure to an oxygen 35 concentration of 2.5 mg L -1 (40% of air saturation), there is a significant reduction in the 36 frequency of fast-starts that is maintained for at least 24 h after the exposure. Exposure 37 to a random sequence of oxygen levels of 5.0, 4.3 and 3.7 mg L -1 (80, 70, and 60% of 38 air saturation) did not show a significant effect until one hour after exposure. We 39 speculate that the lasting effect of hypoxia on fast-starts, thought to be involved in 40 escape, will result in a greater susceptibility of the white grunt to predation. We have 41 identified the Mauthner cell, known to initiate fast-starts, to allow future studies on how 42 low oxygen levels impact a single cell and its circuit, the behavior it initiates and 43 ultimately how changes in the behavior affect population and ecosystem levels. 44 81 Monitoring Program (Alpuche-Gual and Gold-Bouchot, 2008).
Two variables were calculated from the imaging data: 1) frequency of fast-starts, and 2) 146 latency of the response, as the time interval from the stimulus onset to the first 147 movement of the head (only latencies less than 50 ms were considered fast-start 148 responses) ( Fig. 2B ). We did not compare directionality of the responses between 149 normoxic and hypoxic conditions since it is difficult to determine the directionality of the 150 stimuli. That is, the tank sits on the speaker and thus the stimulus is distributed over the 151 entire base of the tank. 152 Image analyses of the two variables were performed independently by two individuals. 153 For frequency of fast-starts, the two individuals agreed 98% of the time. For fast-start 154 latency, agreement occurred 76% of the time. However, differences were no more than 155 two frames (2ms). In instances where there was disagreement among the individuals, 156 the final value used was chosen by the most experienced recorder (i.e., M.S.G.).
157
The tank location of a fish prior to stimulation was recorded during each trial to ensure 158 that position did not influence the frequency of response. The preferred positions were 159 along the edge of the tank and the position did not affect whether fast-starts were 160 elicited or not.
162
Startle response protocols 163 Two separate experimental protocols were used to study the effects of low dissolved 164 oxygen on the white grunt startle response: a single hypoxic protocol and a multiple 165 hypoxic protocol. Both protocols consisted of three principal treatments: 1) baseline 166 normoxia (6.4 mg L -1 ; 100% air saturation), 2) either single or multiple hypoxic 167 conditions, and 3) a reversal from hypoxia back to normoxia. For both protocols, a 168 single fish was placed in the test chamber under normoxic conditions and left to 169 acclimate for a period of 30 min prior to testing. In this baseline normoxia treatment, all 170 fish performed at least one startle response to the right and another to the left. For the 171 single hypoxic protocol only fish that responded 80% of the normoxic trials were used in 172 following treatments and for the multiple hypoxic treatment only those that responded 173 67% of the normoxic trials. The lowest non-lethal oxygen level that caused loss of equilibrium (3 fish total) was 1.88 175 mg L -1 (30% air saturation). In comparison, equilibrium remained normal when fish were 176 exposed to 2.5 mg L -1 (40% air saturation) oxygen. As a result, we selected oxygen 177 levels of 2.5 mg L -1 or greater for all hypoxic treatments. 178 Single hypoxic protocol 179 A single exposure to an oxygen level at 2.5 mg L -1 (40% of air saturation) was 180 performed to assess the effects on the frequency and latency of startle responses. 181 Twenty-seven fish were collected; 5 were not used because they did not respond 80% 182 of the time in the initial normoxic condition and 3 were not used because they were not 183 tested 24 h after the hypoxic treatment. The sample size for the control group therefore 184 was ten and the experimental group was nine. Following acclimation in normoxic 185 conditions (6.4 mg L -1 ), experimental fish were stimulated for six consecutive trials with 186 3-4 min inter-trial intervals. Nitrogen was then bubbled over 15 minutes to bring the 187 oxygen level down to 2.5 mg L -1 (40% DO). Each fish was then acclimated at 2.5 mg L -1 188 for 10 min before stimulation. After six trials (approximately 18 min), air was bubbled for 189 15 min to bring the DO concentration back up to 100% saturation where it was held 190 prior to testing. Fish spent 18 min in oxygen levels of 2.5 mg L -1 (40% DO) and 30 min in 191 partial hypoxic conditions (i.e., shifts between oxygen treatments). After the normoxia-192 hypoxia-normoxia sequence, fish were returned to their home tank and 24 h later were 193 brought back to the test tank, acclimated for 30 min under normoxic conditions and 194 tested again. Fish were then returned to the holding tank and observed over 2-3 days 195 to ensure treatment did not adversely affect fish equilibrium and/or their ability to feed, 196 and then they were returned to Condado lagoon. The protocol is graphically A random sequence of exposures to oxygen levels of 5.0, 4.3 and 3.7 mg L -1 , (80, 70, 204 and 60% of air saturation) was used to assess the effects of less severe hypoxia on the 205 frequency and latency of startle responses. Of the twenty fish that were collected one 206 died and one were not used because they did not respond 67% of the time in the initial 207 normoxic treatment. As a result, the sample size for the control group was nine and the 208 experimental group was nine. After acclimation and testing under normoxic conditions, 209 experimental fish were subjected to a randomized order of hypoxic treatments (Fig. 3B ).
210
Each fish was placed in one out of six randomly chosen oxygen concentration 211 sequences (e.g., 5.0, 4.3 and 3.7 mg L -1 , 4.3, 5.0, and 3.7 mg L -1 etc.). For each oxygen 212 level tested, the DO was progressively lowered at a constant rate over a 15 min period 213 and maintained at a plateau for 10 min before testing the fish three times with a 10 min 214 inter-trial interval. To ensure that the responsiveness of the fish was not lost after each 215 hypoxic treatment, the DO was progressively raised back to oxygen levels of 100% air ceased. The heart was exposed, a cannula was placed through the ventricle into the 230 bulbous arteriosus and secured by looping and tying suture thread around the junction.
231
Fixative (4% paraformaldehyde in phosphate buffer, pH 7.4) was then perfused through 232 the circulatory system. The brains were removed and placed in fresh fixative overnight. The dissection to expose the surface of the medulla oblongata is similar to that 254 described for the sea robin (Zottoli et al., 2011) . The hindbrain was exposed from the 255 optic tecta to the rostral spinal cord. To expose the fourth ventricle and the surface of 256 the medulla oblongata, a portion of the cerebellum was removed and the remainder was 257 displaced rostrally and held in place with Kimwipes™ (Kimberly-Clark Worldwide Inc., 258 Canada). The surface of the medulla oblongata was completely exposed by separating 259 the overlying tissue at the midline and gently displacing each half laterally. In most 
RESULTS

294
Single hypoxic protocol 295 Frequency and latency of response 296 Frequency of response of the control group showed no significant difference between 297 the three normoxic treatments (baseline normoxia, hypoxia control, and reversal 298 normoxia) (RM one-way ANOVA, F (2, 18) = 2.76, p = .0902, Fig. 4A1 ). Latency of 299 response of control group did not show significant difference among the three normoxic 300 treatments as well (RM one-way ANOVA, F (2, 18) = .1695, p = .845, Fig. 4A2 ).
301
Frequency of response in the experimental group was significantly reduced by exposure 302 to 2.5 mg L -1 of oxygen (40% DO). Friedman's test indicated differences between 303 normoxia and other conditions (Friedman's X 2 = 17.74 df =4, n= 9, p = .0005, Fig. 4 B1) . Frequency of response for the control group showed no significant difference between 314 the three normoxic treatments (baseline normoxia, hypoxia control, and reversal 315 normoxia) (Friedman test X 2 = 4.667, df = 3 p = 0.222) ( Fig. 5A1 ). Latency of response 316 showed no significant difference as well (Friedman test X 2 = 1.556, df = 3 p = 0.569, 317 Fig. 5A2 ).
318
Frequency of response of the experimental group was significantly reduced when 319 exposed to multiple hypoxia treatments (Friedman's X 2 = 9.923, df = 3 p = 0.0057, Fig.   320 5B1). Dunn's Post hoc test showed no significant difference between baseline normoxia 321 and the last hypoxic treatments (p = 0.1018), but did show a significant difference 322 between the baseline normoxia and reversal normoxic treatments (p = 0.0401).
323
The latency of the response was not affected by hypoxia in those fish that responded to 324 the stimulus. No significant difference was observed among the treatments (Friedman's 325 X 2 = 2.696 df =3, n= 6, p = 0.3017, Fig. 5B2 ).
326
Latency distributions of fast-starts in single and multiple hypoxic protocols 327 Latency distribution of control and experimental fast-starts for the both protocols are 328 shown in Fig. 6A, B . In both protocols seventy-eight percent of all the latencies fall 329 between 7.5-12.5 ms.
330
Morphological and electrophysiological identification of the M-cells 331
Mauthner cells were located about 300 µm below the surface of the medulla oblongata. Here we show for the first time that exposure of the white grunt (Haemulon plumieri), a 371 tropical fish, to hypoxia significantly reduces the frequency of fast-starts an effect that 372 lasts when a fish is returned to normoxic conditions. Since fast-starts are thought to be 373 important for escape from predation, the survival of the white grunt and possibly other 374 organisms in Condado lagoon is compromised with the potential for the disruption of 375 population structure and dynamics.
376
A single exposure of white grunts to oxygen levels of 2.5 mg L -1 (40% DO) resulted in a 377 decrease in frequency of fast-start responses and, the effect lasted for 24 h after 378 exposure to low oxygen levels. The lack of a control for the 24 h exposure period does 379 not allow us to eliminate habituation or handling as factors, but both are unlikely to have 380 14 contributed to the observed results as we did not see those effects in controls during the 381 treatments. The multiple hypoxic protocol was used to simulate the varied oxygen 382 concentrations that white grunts might routinely encounter in the Condado lagoon. The 383 frequency of fast-starts was significantly reduced when fish were tested 1 h after being 384 transferred from hypoxic to normoxic conditions. We speculate that the lowest oxygen 385 level of 3.7 mg L -1 (60% DO) used in the multiple hypoxic protocol is primarily 386 responsible for changes in fast-starts although we cannot eliminate cumulative effects.
387
The continued effect of hypoxia once a fish is returned to normoxic conditions is 388 surprising and has far-reaching implications for fish survival even when exposed to 389 mildly hypoxic conditions for short periods of time. 
837
L -1 etc.) and 3.7 mg L -1 ). Fish were tested at each DO and in between treatments the water was brought 838 to normoxic levels. After exposure to three hypoxic treatments, the water in the test tank was brought 839 back to normoxia and fish were tested again. 
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